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Introduction

“The biggest change I've noticed since starting grad
school is that I no longer feel encumbered by my
own ignorance. I mean, I'm still ignorant — I just
realized everyone else is too.”

- Unknown postdoc

Please ask questions!

Now or later (laurajfields@gmail.com)


mailto:laurajfields@gmail.com
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Introduction

+ In this talk:
+ What is a cross section?
+ Why do we expend so much effort measuring neutrino cross sections?
+ What types of cross sections are we trying to measure?
+ (Selected) Cross section experiments and their recent measurements
+ MiniBooNE
+ MINERVA

+ Liquid Argon Detectors: ArgoNeuT and MicroBooNE



Introduction

+ In this talk:
+ What is a cross section?
+ Why do we expend so\much effort measuring neutrino cross sections?
+ What types of cross sectiorls are we trying to measure?

+ (Selected) Cross section experiments and their recent measurements

+ MiniBooNE These mostly don’t depend on each
other, so if you fall asleep for one, you'll
+ MINERVA hopefully still understand the next ones

+ Liquid Argon Detectors: ArgoNeuT and MicroBooNE



Introduction

+ What exactly do we mean by a cross section?



Introduction

+ What exactly do we mean by a cross section?

<

http:/ / www.int.washington.edu/

Cross sections are a measure of the probability that a some type
of interaction will occur given some particle incident a target.

In this talk, the particle in question is a neutrino, and the targets
are neutrino detectors.
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Introduction

+ What exactly do we mean by a cross section?

Cross section Number of Targets

l (e.g. number of nucleons in the detector)

Number of Interactions = o X ® x N /

|

Neutrino Flux

A measure of the number of neutrinos incident on the detector

The number of interactions in a neutrino detector is
proportional to the interaction cross section, the neutrino flux
and the number of targets in the detector



Introduction

+ What exactly do we mean by a cross section?

Number of Interactions :@x b x N

.

Can be calculated theoretically (in some cases)
Neutrino interactions are (as far as we know)
completely described by the standard model

Or measured experimentally

l

Number of Interactions
d x N

Glai==



Introduction

+ What exactly do we mean by a cross section?

Number of Interactions =0 x & x N

Can be @lculated theoreticall®(in some cases)

Neutrino interactions are (as far as we know)
completely describEd by the standard model

[ won’t cover a lot of theory today. When you take Quantum Field
Theory, you'll spend a lot of time calculating cross sections.

This article: Rev. Mod. Phys. 84, 1307 (2012)
(http: / /arxiv.org/abs/1305.7513) is a good place to start for a

neutrino-interaction-specific discussion of cross section calculations.

10
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Introduction

+ Neutrino cross sections are very small

The cross section for a
few MeV neutrino
interacting with a

Gluon

Nearly 20 orders of
magnitude smaller
than interaction cross

Neutrinos interact only via section of a Ph)oton
- : ~10-2> cm?)!
the weak force, which is (

called “weak” for a reason!

Quarks
and Gluons

proton is ~5 x 10* cm? ..

Corresponds
to a mean free
path in steel of
~10 light years

11



Introduction

+ Wait, why does a probability have units of area?

<

I
It 1s convenient to view interaction O O O O

probabilities as an effective area @ IL

Consider a classical system — e.g. O O O !
a dart board with n circles. O O O

+ If you throw your dart at a random point on the board, what is the
probability that the dart will hit a circle? (in terms of n, L, H and r)

12



Introduction

+ Wait, why does a probability have units of area?

<

Area of Circles nmr

O~OO |

2 €

Feircle = rea ol Fage i O O }‘I
Area of P LH @

+ The probability of your dart “interacting” with a circle is
proportional to the area (or “cross section”) of the circles.

I8



Introduction

+ Wait, why does a probability have units of area?

Small cross section =
small probability of interaction

() @
O%O QO
B 8

Large cross section =
large probability of interaction

14



Introduction

+ Wait, why does a probability have units of area?

Of course, this analogy
breaks down when you
move to the quantum world
of particle interactions,

which don’t behave like
darts hitting a board

But we still use the word
cross section to describe the
probability of interaction

15



Why We Care About Cross Sections

16



Why We Care About Cross Sections

+ The primary reason to measure neutrino cross sections is that they

are a key ingredient in answering the big questions of neutrino

physics

The experimental situation

These were
nicely

Absolute mass / nature of the neutrino summarized in

Mark Messier’s
talk in this

series on June
19th

Neutrino oscillations

Sterile neutrinos?

1%



Why We Care About Cross Sections

+ In particular, you heard that many of the questions modern
neutrino physics aims to answer relate to neutrino oscillations:

Weak
: Mass
Interaction
States
States
Ve 1 C13 .913(1_‘6 C12 8192 1
Vy - Co3 S23 . 1 —S812 C12 V9
Vr —823 (€23 —813({'6 C13 [| V3

L [km) The current neutrino
i 2 2 2
Pop = sin” (20) sin (1-27Am [eV?] i [GeV]) standard model
|Am3,| = [m3 — mj)| Am3, ~ Am3, Am3, ~ 8 x 107° eV? g contains three Weak-
~ -3 2 A . . .
~2x 107" eV = Iinteraction neutrino
v, — Uy v, — Ve Ve — Uy + Vs eigenstates that are
atmospheric and reactor and solar and mixtures of three
long baseline long baseline reactor di o ¢ b
1fferent neutrin
Oog ~ 45° f15 = 9° B0 ~ 35° crent eutnno

mass states

18



Why We Care About Cross Sections

+ In particular, you heard that many of the questions modern

neutrino physics aims to answer relate to neutrino oscillations:
Weak

: Mass
Interaction
States
States
Ve 1 C13 .‘5'13(%7"6 C12 512 23
Yy >= C23 823 1 —S812 €12 Vo >
U, —893 (93 —813€%d C13 1 Vs
| The current neutrino
P,s = sin® (20) sin® | 1.27Am? [eV] L k]
af E [(3eV] standard model

contains three weak-
interaction neutrino

eigenstates that are
The probability of oscillation is a function of the mixtures of three

neutrino’s energy and the distance it travels different neutrino
mass states

This means that a neutrino of one flavor (e, p or
1) will appear to oscillate to other flavors

M. Messier

19



Why We Care About Cross Sections

+ Here at Fermilab, we study these oscillations by studying neutrino
beams of various energies after they have travelled various distances:

Evolution of U.S. Long Baseline Neutrino Experiments

MINOS(2005-~2015) - NOvVA(2013-~2022) —> LBNE(~2022-~2040?)
Electron efficiencies 4% -> 30% > 80%

NOVA tfar)=" iR O N
Surface _ ag 2340 f Level

‘3 5kton

HiImoisy

20




Why We Care About Cross Sections

+ An example — LBNE: The Long-Baseline Neutrino Experiment

+ Currently in development (DOE CD-1) to be the flagship accelerator-based
experiment in the United States.

+ Neutrinos created at Fermilab will travel to a liquid Argon TPC detector in the Sanford
Underground Research Facility (SURF) in South Dakota.

+ Priority measurements: neutrino mass hierarchy and CP phase

SANFORD LAB
Lead, South Dakota

FERMILAB
Batavia, lllinois

SANFORD LAB

-
-
u-n-"-“-
.
-u-“-“ '~n-“-“

FERMILAB

2




Why We Care About Cross Sections

+ As Mark pointed out, the next big questions in neutrino physics
involve studying the details of the oscillation parameters:

- Mass
hierarchy

- Nature of vs -
B23 octant

Let's consider - IsCP

one of these, CP violated?
violation, as an . Is there more
example to this
picture?

Ve S13€, C12 S12
Vg = C23 923 ] —512 C12
— o

Vy —8923 (23 C13 1

M. Messier

G \0

\/
N
N



Why We Care About Cross Sections

+ The CP violating phase can be probed by studying v, — ve and v, —
Ve oscillations:

Ve spectrum (NH) v, spectrum (NH)
150 T T T 60 T T T
34 kton LAr @ 1300 k 34 kton LAr @ 1300 km = Signal, 5., =0
FOI‘ example/ 3 yrsovnmocl;e@ " 3 yrsovnmode@ 2?9"3:- gip = 9;’;
. 80 GeV p beam, 1.2 MW 80 GeV p beam, 1.2 MW —— Signal, o, = -
LBNE will look sin%(26,,) = 0.09 sin?(2, ;) = 0.09 c-quc )CCC
: — fned (V. +y
> Sl e = 0 > 40 =AM
at the energy ; _ Senalbesd |3 Beam (5, v CC
o EZNC S
spectra of veand  $ v cc S
_ .. v. CC L
Ve appearmg 1n 50 Beamv,CC w 2OI | | | -
primarily v, and ﬁé'm
v T L1
VH beams: Y T N A G —— > -:_--:_--:;::;-:1~l:1-2:;-'-::3.:-_5.:{-‘:.-}111‘.:{-21112:31:;«‘::;:1;1:‘.:.~:~1:~;‘.:~;1::~2:1-" ~Z:~_«1:;-‘:.1~‘.:1~Z:;-1:«_~1:~_-::1-'3§
[ s [0 S IESSSSSSSSSS
2 4 6 8 2 4 6 8
Reconstructed Neutrino Energy (GeV) Reconstructed Neutrino Energy (GeV)

+ The CP phase will be measured by comparing distributions in data
to predicted distributions like these

25



Why We Care About Cross Sections

+ These predictions are at the heart of oscillation measurements, and require A LOT

of inputs:

Question for the audience:

What information do we need to
produce these predictions?

Events/0.25 GeV

v, spectrum (NH)

150

8

)

I | |

34 kton LAr @ 1300 km

3 yrs v mode

80 GeV p beam, 1.2 MW

sin“(20,,) = 0.09

— Signal, 8., =0"
Signal, 8, = 90°

— Signal, 8., = -90°

E2NC

v, CC

- E3v.CC

2 4 6
Reconstructed Neutrino Energy (GeV)

24



Why We Care About Cross Sections

+ These predictions are at the heart of oscillation measurements, and require A LOT of

inputs:

+ An estimate of the incoming neutrino energy spectra

<+ Detailed information about neutrino interactions that occur in the neutrino detector in

question

+ A list of all of the kinds of interactions that can happen
+ The probability of each type of interaction happening
+ Full kinematic information about all of the final state particles

+ A model of the detector’s response

Events/0.25 GeV

v, spectrum (NH)

150

100

50

I | |

34 kton LAr @ 1300 km

3 yrs v mode

80 GeV p beam, 1.2 MW

sin“(26,,) = 0.09

— Signal, 8., =0°
Signal, 8, = 90°

— Signal, 8, = -90°

E2NC

v, CC

E3v.CC

. Beamv,CC _|

2 6
Reconstructed Neutrino Energy (GeV)

+ Given a set of neutrino interactions, what do they actually look like in the detector?

23



Why We Care About Cross Sections

See talk by Z. Pavlovic

June 19th
+ These predictions require A LOT of inputs:

+ An estimate of the incoming neutrino spectrum

+ A model of neutrino interactions in the material your detector is made of
+ A list of all of the kinds of interactions that can happen
+ The probability of each type of interaction happening

+ Full kinematic information about all of the final state particles

All of these things are important, but the focus of my talk today is this
second point: a model of neutrino interactions



Why We Care About Cross Sections

+ The predictions used by modern experiments use models which do

not accurately reflect cross section data:

Adapted from PRD 81, 092005 (2010) by P. Rodrigues

— 20
>
+ — ut + O
3 " vu+ CHz = pt + Om
€ 1sig?
+ . .
o . MiniBooNE
o
c\g 10'* *+ —— Fermi Gas prediction
LSy
o)
© g * Data
8o 05 10 15 2.0
Q? (GeV?)
2] en vu+ CH — p+ CH + 1
] = * DATA
n R | p "
S 8 E 4 CC cohoront x
%1003 ] E=1 CC resonant =
£ E+ B omer
wo e Bl ccae
soF PRD 78, 112004 (2008)
= SciBooNE
% 0.1 0.2 0.3 0.4 0.5

Q* (GeV/c)

)
—_
~

)
—_
[\®)

0,08
<[4).06
Yo

0.04

% (10'39 cm?/MeV)

0.02

Adapted from PRD 83 052007 (2011) by P. Rodrlgues

VM-I— CHz — w + 111

|

50 100 150 200

MlnlBOONE - Resonant s+

}|’||

Resonant t°

- Coherent
- Qua51elast1c

250 300 350 400
T, (MeV)

+ These disagreements with data lead
directly to systematic uncertainties in
oscillation measurements

2



Why We Care About Cross Sections

+ In a perfect world, we’d have a set of predictions like this:

90000

— & Option 1
— O, Option 2
— 0., Option 3

80000

0 1 2 3 4 5 6 7 8
Neutrino Energy

Just a cartoon — not real predictions!

28



Why We Care About Cross Sections

+ And then we’d reconstruct put the data on top and read off the

right answer:

90000 90000
80000 — &, Option 1 80000 — gcp gP:EO" ;
0 — 7)) - Ocp UPLION
+ 70000 Sep Option 2 + 70000 — ., Option 3
O — 0., Option 3 )
> 60000 > 60000
W w
— o—
% 50000 5 50000
& 40000 @ 40000
Q Qo
£ 30000 £ 30000
= 3
= 20000 < 20000
10000 10000
0 AN N T R e 0--I----l.-A-l----l.---l-- -y vEn
o 1 2 3 4 5 6 71 8 0o 1 2 3 4 5 & :
Neutrino Energy Neutrino Energy

Tada! Option 2 is the right answer!

20



Why We Care About Cross Sections

+ But uncertainties on the neutrino interaction model muddy the

picture:

d., Option 1
dcp Option 2

B 5., Option 1 80000

i %)
g 70000 = gcv gptfm ; + 70000 3, Option 3
Q ption Q *
> 60000 ® > 60000 Data
“5 50000 ' 50000
@ 40000 @ 40000
Qo o
£ 30000 £ 30000
3 3
Z 20000 2Z 20000
10000 10000
% 5 % 2 3 4 5
Neutrino Energy Neutrino Energy

And make it more difficult to distinguish different oscillation

parameters from each other
30



Why We Care About Cross Sections

Recent uncertainties on signal predictions

in Ve appearance measurements:

Phys. Rev. Lett. 110, 171801

Near Detector
6000+ Mod -1 |
v Moade MINOS
) uncertainty
‘c 4000 - N of t
o on Slgnal 1X OI Cross section
u>.| 1 prediction and other effects
2000 S
0
Phys. Rev. Lett. 112, 061802
‘E 8 i l —4— Data T2K
9 Best fit 5
8 I . Background componcnlq (Slgnal
y — 6 - - o > Y o
g _ I |L_{gg|0n < 1250 MeV ‘ domlnated) Almost all due
= ° .
8 4 ! = uncertainty to cross section
=7 " 4 .
= 2l LT on MC uncertainties
é el | prediction
- y - - > 5 - '
5 % 500 1000 1500 - >2000 = 8.8%
z Reconstructed neutrino energy (MeV) — 0.0/0

Returning to the real
world, here are some
examples of
systematic
uncertainties on the
predicted number of
signal events in
recent oscillation
measurements.

31



Why We Care About Cross Sections

+ The impact of systematic uncertainties:

CP sensitivity versus time for

oL s Y 20 several systematics scenarios

CP Violation Sensitivity
50% dcp Coverage

8
7 <4— Where LBNE wants to be
6
5F <+— Where we are now
]} 4 I
°© 3
2 | 80 GeV Beam
1 sk kg
0 2

0 200 400 600 800 1000
Exposure (kt.MW.years)

A metric for how well well be able to
measure the CP phase

32



Why We Care About Cross Sections

M. Bass Nulnt 2014

CP Violation Sensitivity
50% dcp Coverage

8
7 u
6
r\‘x 5 ......................
S 4}
i
© 3 ° e
o | £
1 Signal/background
urgeertainty varied
0 | L - !
0 200 400 600 800 1000
Exposure (kt.MW.years)
10 years
x 1.2 MW

x 34 kTon

The difference between
the what we can do now
and LBNE’s goal is the
difference between
running for 10 years and
25 years

We have to understand
neutrino cross sections
better!

33



Overview of Neutrino Scattering

Or: what happens when a few-GeV neutrino interacts in a particle detector?

34



Neutrino Scattering

First a question for the audience:

When a neutrino interacts with a particle detector, what is
it interacting with?

35



Neutrino Scattering

<+ Neutrinos can interact with
electrons or nuclei within
particle detectors

Nucleus

+ Interaction with a nuclei is
~2000 times more likely
than interaction with an
electron

+ Usually, when we talk about
neutrino scattering, we mean

neutrino-nucleus scattering
36



Neutrino Scattering

2+ Neutrinos can interact with a nucleus as a whole, with a
nucleon (a proton or neutron) or with a quark

+ This depends largely on the neutrino’s energy — higher
energy neutrinos access smaller length scales

Less than 10‘18 m

Neutron (or proton) Quark

9%



Neutrino Scattering

2+ Neutrinos can interact with a nucleus as a whole, with a
nucleon (a proton or neutron) or with a quark

+ This depends largely on the neutrino’s energy — higher
energy neutrinos access smaller length scales

Less than 1071 m

N=utron (or proton Quark

Dominant in accelrator-based oscillation measurements



Neutrino Scattering

And another caveat...

particlezoo.net

Most neutrino cross section
experiments sit in muon neutrino
beams

Almost all cross section measurements
are made of muon neutrinos

We generally assume that v, — v, cross
sections are approximately equal

+ This is also a significant source of
uncertainty for oscillation
experiments

Experiments are starting to make v,
measurements
39
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Neutrino-Nucleus Scattering

Neutral Current

+ Mediated by neutral boson
<« Neutrino in initial and final state

+ Difficult to reconstruct kinematics —
typically appear in oscillation
measurements as backgrounds

+ Examples:

NC Elastic:
Vs p
NC m production:
Vil U P

40



Neutrino-Nucleus Scattering

Charged Current

H + Mediated by charged boson

+ Charged lepton in final state

<

Easier kinematic reconstruction —
typically used as signal channels in
oscillation experiments

Examples:

Quasi-Elastic:
Vil ==l P
Pion Production:
V=Lt

41



Neutrino-Nucleus Scattering

Charged Current

H + Mediated by charged boson

+ Charged lepton in final state

+ Easier kinematic re fen —
typically used ad signal channels in
oscillation experime

4
)

-

(/

o ExampleS: These are what we

really, really have
to understand for

LBNE

Quasi-Elastic:
N X vin—| p
Pion Production:
V=Lt

42



Neutrino-Nucleus Scattering

Charged current v cross sections:

v cross section /

Eéuo"' cm? | GeV)

J.A. Forma%io and G.P. Zeller, Rev. Mod. Phys. 84 (2012)

=)

.

<
.

The dominant interaction channel
changes dramatically over the region of
interest to oscillation experiments

35 kton LAr @ 1300 km

“CLBNE 3550

Inverted hierarchy

— Signal, §., = 0°

I Signal, 5., = 90°
8( - ~—— Signal, §., = 90"
[ NC

&\ v, cC

CJv.cC

Beamv, CC

Events/0.25 GeV
4
I

.

Reconstructed Neutrino Energy' (GeVi'

LBNE Collaboration arXiv:1307.7335
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Neutrino-Nucleus Scattering

J.A. Formaggio and G.P. Zeller, Rev. Mod. Phys. 84 (2012)

—_
.

eu_n:lGQV)

%(10"'

v cross section /
S o

Deep
Inelastic
Scattering

Quasi-elastic ¢ Scattering Resonant
Pion
Production

e




Nuclear Effects

+ Modern neutrino detectors are made of
heavy nuclei

<+ The effects of the nuclear environment on
neutrino interactions are substantial:

+ Pauli blocking of final state nucleons reduces
cross sections and sculpts kinematic distributions

+ Hadrons frequently interact before exiting
nucleus — changes number and spectrum of final
state particles

<« Initial state nucleons have unknown momentum

due to Fermi motion — skews reconstruction of Much of the uncertainty
BeUTIO CHETE on cross section models is

<« Neutrinos can interact with multi-nucleon due to these pOOI‘ly
bound states understood effects



Neutrino Cross Section Measurements:

The Basics

46



Neutrimo Scattering Measurements

+ A reminder of how we measure cross sections

Takes many years to estimate
Done separately for each measurement

l

Number of Interactions
o x N

’

Also takes many years to estimate

==

Done ~once and used by many
measurements

47



Neutrimo Scattering Measurements

<+ A reminder of how we measure cross sections

Number of Interactions

e ><N

Calculating flux is hard

Z. Pavlovié, IF Summer Lecture on June 6th

+ Flux estimates are based on simulations of the neutrino beam lines, constrained with various
kinds of data. Usually leading source of uncertainty on cross section measurements.

BNRB NuMlI

Muon Monitors

48



Neutrimo Scattering Measurements

+ A reminder of how we measure cross sections

O

_@mber of Interactions>

d x N

An example form MINERVA:

120+

110

100

90+

80

1

70

60—

50~

40~

30—

20

10+

Antineutrino Quasi-elastics
First identify candidates that
appear to contain a muon and a

neutron ' et




Neutrino Scattering Measurements

<+ A reminder of how we measure cross sections

Number of Interactions>
o x N

==

+ Subtract background, correct for detector effects to estimate number of
interactions:

x1 03 Statistical Errors Only o Z<1 03 _ Statistical Errors Only
- MINERVA ¢ ¥ Tracker — CCQE % of.  MINERVA ¢ v Tracker — CCQE
1.2 G 18F
> S 1.6F
o v nan d -
(5 . CC Resonant ; 1.4 ,
g v, CCDIS = 1.2 ¢
g S F —— Dat
~ o 1E ata
) > E . = Monte Carlo
g 0.6F
w POT Normalized 0.4 . POT Normalized
1.01e+20 POT 0.2 :_ 1.01e+20 POT
[ O ||||||||||||||| | vy T
15 2 0020406081121416182

Reconstructed Q7 _ (GeV?) Q. (GeV?)

50



Neutrino Scattering Measurements

<+ A reminder of how we m re cross sections

Number of Interactions

P <X N

==

+ Divide by flux and target number to get a cross section

x1 03 Statistical Errors Only g x 1 0_39 Statistical Errors Only
> oF MINERVA * ¥ Tracker — CCQE € 4 gf MINERVA * VTracker - CCQE
Q - N
S 1.8F © 3
- = 16
L u o N
S 16p & 14F
S q4f > "
¢\n A 8 1217
- 1.2 ¢ ~ 3
S 1 - —+— Data NE 10 - —+— Data
> k . = Monte Carlo o sk . = Monte Carlo
Ww o8 - vm -
0.6 S °F
0.4 . POT Normalized O 4 POT Normalized
- 1.01e+20 POT @ 1.01e+20 POT
0.2 © 2
O T P |y Tttt 0 il IS o o S S
0020406081121416182 0020406081121416182

51
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Neutrino Scattering Data:

MiniBooNE

52



MiniBooNE: Detector

%+ Cherenkov detector; 12.2 m diameter
sphere filled with mineral oil

+ Designed to study short-baseline v
oscillations, but also a prolific source of v
and V cross section measurements

+ Fermilab Booster v beam: <E,> ~ 700
MeV, ideally suited for studying quasi-
elastic scattering

+ Very large datasets and full angular
coverage




MiniBooNE: Detector

%+ Cherenkov letector; 12.2 m diameter
sphere tilled with mineral oil

+ Designed to study short-baseline v

Question for the audience: How does a Cherenkov detector work?

+ Fermilab Booster v beam: <E,> ~ 700
MeV, ideally suited for studying quasi-
elastic scattering

+ Very large datasets and full angular
coverage




MiniBooNE: Detector

"YY ¥ < Cherenkov detectors look
at Cherenkov radiation

CHERENKOV EFFECT ..... " e s .
B=vic n{water)=-133 @8BS TITLENE L :
cos 8= 1/pn 000 000000 00 produced when particles
b-1 8-d2daes VRAOBOB000S » 0 travel faster than the speed
Wi dl Y

of light in a material

hep.bu.edu

+ Cones of light appear as
rings that can be used to
identify and measure the
energy and angle of high
velocity particles

93
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What Interactions l.ook l.ike In MimiBooNE

®

0 [..;‘_ib?.i- W

Muon Candidate
(also see Michel
decay electron)

Electron
Cang

idate

e
Candidate
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MiniBooNE: Results

Has published cross sections for > 90% of beam

+ First time in history for full kinematics (diff’l and double diff’l cross sections) have
been reported for these processes; total of 11 cross section publications

dTugi%seu[cmZIGev) | = MiniBooNE data (3N;=10.7%) ‘% £ MiniBooNE NCE cross-section with total error & If T Ry 10-]‘;
y . (O ” |:’ MiniBooNE data with shape error %3.5 E Monte Garlo NCE-ike background :E' o.sE— _F j 0.1 %
2 ' g b - o
10 2 '% _0__- .- E oom;ﬁ
15 8 02f = = =
] os . —i 0.04
05 ] 06 . 002
s 2 - olz “wg'f IIIII - 'on‘ ;\s :.I::ml::"'.' 11’;'-' .14 1ls > = CHz Target 3
5 e | T oo
- : - v and v NC elastic scatterin i
v quasi-elastic scattering e g CC a" production
i, PhYS. Rev. Leﬂ'. 'Ioo’ 03230] (2008) < Ys. e;/I:Xiv.]l309 7257 - Phys. Rev. Leﬂ'. 103, 08] 80] (2009)
- Phys. Rev. D81, 092005 (2010) Pl i - Phys. Rev. D83, 052007 (2011)
iy mireon i | S = 2 g
-t ——— MiniBooNE¥, CCQE data (CH,) l - % WO Paooen .. :é 16;- — ztausnca? error E
:E .......... z | 1‘:\ ;% Z:  NUANCE l _
| i
g ay H gga 6;
| : H . )3
:; 06 g Ge ¥ 3 1 | | | | | | 1 | ]
102 > e B ORe) 010§ 04040500304 04 081
cos 0,
v quasi-elastic scattering NC 7° production o
- Phys. Rev. D84, 072005 (2011) - Phys. Lett. B664, 41 (2008) CC 71° production
- Phys. Rev. D88, 032001 (2013) - Phys. Rev. D81, 013005 (2010) - Phys. Rev. D83, 052009 (2011)
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MiniBooNE: Results

+ A recent example: Quasi-elastic
scattering

Lalakulich, Gallmeister, Mosel, arXiv:1203.2935

+ First experiment to look at 2-D 2 pg” A I P R
. ; ; | ‘/" \( t\+ ,_ modgl II
distribution of muon energy and |/ %A A |
2 £ Vo S e LNy _
angle E 1:. 0.85 0.45 0.05 -0.35 -0.75
AT
% 1 } \ y\‘+ /}* /N N\
. ; . AV ANAW NN
+ Show sharp discrepancies with L et YS! R B
conventional quasi-elastic model ~ {.//% |+ |,
7, ANANAWAN2N
+ Appears consistent with models ~ ~ |# | K
in which neutrinos interact on NANAWAN2N 2N

correlated pairs of nucleons rather
than just individual nucleons




Neutrino Scattering Data:

MINERVA
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MINERvVA: Detector

+ Made of > 30,000 strips of plastic scintillator
interspersed with other materials

+ Located in NuMI beam at Fermilab upstream
of the MINOS near detector, which is used to

measure the charge and momentum of
muons exiting the back of MINERVA

+ Higher energy than MiniBooNE <E;> ~ 3.5 GeV
(similar to LBNE)

+ High statistics; Optimized for both tracking and
calorimetry; limited angular acceptance
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MINERvVA: Detector

+ Made of > 30,000 strips o: plastic scintillator
interspersed with other materials

+ Located in NuMI beam at Fermilab upstream
of the MINOS near detector. which is used to

Question for the audience: What is scintillator?

+ Higher energy than MiniBooNE <E;> ~ 3.5 GeV
(similar to LBNE)

+ High statistics; Optimized for both tracking and
calorimetry; limited angular acceptance
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What Interactions lL.ook l.ike In MINERVA

MINERvVA Data

120+

Neutrino Quasi-Elastic

o
o

Candidate

Strip Number
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MINERvVA: Results

Ratio to GENIE

MINERVA ¢ Vv Tracker — CCQE

1.8
16 data NuWro RFG M,=1.35
[ —— GENIE RFG M,=0.99 ----. NuWro RFG M ,=0.99 + TEM
1.4 NuWro RFG M ,=0.99 NuWro SF M,=0.99
1.2
B - ®
1 __ "E ~~~~~~ —
0.8-1
B 1.5<E, <10 GeV
0.6 __ Area Normalized
1 1 | 1 1 1 1 1 1 1 1 |
107 10™ 1

QZ; (GeV?)

+ The quasi-elastic cross sections you
saw a few slides ago, compared with
many models

The blue line is the model of QE
scattering that was used for decades, is
disfavored by the data

The green line shows a simple
modification of this model similar to
what’s used by most oscillation
experiments currently

The dotted red line shows a model that
includes neutrino interactions on
correlated pairs of nucleons

Both MINERVA and MiniBooNE
indicate that interactions on multi-
nucleon bound states are significant
and must be incorporated into models
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MINERvVA: Nuclear Ratios

266kqg / 323kg

\.. P

'.ll'-'l' -
L k-'\‘.
(3o L o e |
- -
\o’ 2

250 kg 500kg
Liquid He Water
Active Scintillator Modules
v v v v v v
]l P ] e e [Faraslasa
1” Fe /1” Pb e LU Ul
323kg / 264kg 3" C/1”Fe/1” Pb =
s 1" Pb /1” Fe || 166kqg/169kg/121kg || 9-3 PP

MINERVA
has also
begun to
study the

ratio of
neutrino
Iinteractions

.5” Fe /.5” Pb
161kg/ 135kg

on different

_.. Q > . -
g, ‘i\ e
& N o \'

nuclei using
solid nuclear
targets.
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arXiv:1403.2103 [hep-ex]

MINERvVA: Nuclear Ratios

i 2md1 Gosrs- 101
. ] + Charged current cross section ratios of
?8\ @ on a dime?s,ilonless scaling variable
2 called
3
+ x corresponds to the fraction of the

initial nucleon’s momentum that is

carried by the struck quark
I
o Iron + Large normalization uncertainties
L:S cancel in ratios

2
I Q
2Mv
‘%\ v=~F,—FE,
] Lead
Q? = 2E, (Ey — pucos (6,))

R 5 7 S ¥R} S ¥ e - v
Reconstructed Bjorken x 65



arXiv:1403.2103 [hep-ex]

MINERVA: Nuclear Ratios

doC ; doCH

dc"® ; do®™

y o

dGPb

20¢
13_
» 16F

1.4f

0aF

1.of e—h——— 88

Reconstructed Bjorken x

0.0 02 04 06 08 10 12

Carbon

Iron

Lead

+ Again the accepted model
of nuclear effects is wrong

+ And it is increasingly
wrong in heavier nuclei

+ Not just important for
oscillation experiments

+ This is physics we
don’t understand
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Neutrino Scattering Data:

Liquid Argon Detectors
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Liquid Argon Detectors

.......................

ionizaton

1

Wire planes

Liquid argon

ionizaton

RN e

MicroBool
|

-
e |

-

»s
.,\

3

‘\'4

+ Time project chambers

+ Dense material provides
many neutrino
interactions

+ Is the planned technology

of the LBNE far detector
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Liquid Argon Detectors

+ More on TPC’s (Time Projection Chambers)

particles from drifting wiré chambers
collision electrons /. + Charged particles ionize
—~pad plane

(cathode) 12, gas (or liquid) as they
' travel through the chamber

central membrane _

< Jons and electrons are
sucked (by an electric field)
to detectors at the ends of
the chamber.
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Liquid Argon Detectors

+ More on TPC’s (Time Projection Chambers)

+ The transverse position
of the original ionization

_—ped plane is (mostly) preserved

during the “sucking”

particles from

" drifting  Wire chambers
COHSION

central membrane _ electrons

(cathode) o y

+ The time of flight gives
you a good longitudinal
position

endcap endcap <+ So TPC’s have excellent

3-D position resolution
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What Interactions l.ook Like In Argon
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1000

500

0
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Time

1500
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0

+ More detail than any type of neutrino detector since bubble

0
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150

200

ArgoNeuT Data

50

chambers

+ Lots of information — a big reconstruction challenge!

100

Channel Number
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ArgoNeu'l: Detector

+ ArgoNeuT was the first liquid argon TPC in a U.S. neutrino beam
(NuMI) — similar energy to MINERVA

+ Was located between MINERvVA and MINOS detectors (also used
MINOS detector as a muon spectrometer)

+ Small data sample, but able to study sample in fine detail
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ArgoNeu'l: Results

Liquid argon is excellent for studying particle multiplicity

1pu+ Op
ArgoNeuT Data #u+0p P
v interaction vertex vinteraction\vertex ]. /_,L + ].p
: \\
1y 129
Ao 6 Far - IJUGGUI:
§ A ArgoNeuT (v) 1 p/ﬁw ]-/'l’ B 3p
gos;— +—sh— 0 pion, N p \ 7
E oL
2 Lod + Can measure QE-like events in
o, SA\ALC —d— O pion,0p
; ‘s l:_ preyll  ways that no one has before,
g f due to high level of detail
- 0.2} . . . .
e | available in liquid Argom
g 0.1}~ | o
O 10" 1 10 &(GLQ;) 73



MicroBooNE: Detector

The next step in liquid argon neutrino detection:

+ 170 Ton liquid argon TPC

+ In Booster beam at Fermilab, very
near MiniBooNE location

+ Will accumulate many more
statistics than ArgoNeuT

+ Will also see lower energy beam




MicroBooN E: Status

+ Will begin taking data
this year

“* ~143,000 neutrino
interactions in 2-3 years

+ There are also several
other proposals to use
LAr detectors to measure
cross sections ( LAr1ND,
ICARUS, CAPTAIN,...)

NUANCE

production mode

formula

gevt (x10%)

CC quasi-elastic

NC elastic

CC resonance
CC resonance x°
NC resonance ©°
NC resonance =
CC DIS

NC DIS

CC coherent °

NC coherent 1+

CC Kaon production
NC Kaon production
others

Vut+n—=u +p
Vu+N = vy +N
Vy+N—=>u-+N+n*
Vp+n—= U +p+n°
Vu+N—= vy +N+7x°
Vu+N—= v +N' +r

Vu+N =~ +X,W >2GeV

Vu +N = vy + X W >2GeV
Vut+tA—=Uu" +A+T"
Vu+A—=vy+A+T°

Vu 'f‘.\'—'?ﬂl 7 "‘K'\“.\
Vu+N—=vu +K+X
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Conclusion

* If you care about the future of accelerator-based neutrino
measurements, you care about cross section measurements

+ Neutrino interactions in the region of interest to oscillation
experiments are complex and interesting

+ Consider getting involved in one of the ongoing cross
section programs at Fermilab:

ArgoNeu'l
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Backup
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(Quasi-Elastic Scattering

Neutrino-nucleon quasi-elastic scattering:

- + Commonly used as a signal channel
in oscillation measurements

+ Clean experimental signature
+ Identifies neutrino flavor

+ Kinematics can be reconstructed
(assuming a nucleon at rest) using
lepton measurement alone:

me s e Epla o e s

EZE = T
i 20y B D0 cos

2 E 2
Q = Four momentum transferred to the nucleon QQE e ZEVQ (E,u e p,u COS H,M) o) mu v



(Quasi-Elastic Scattering

Neutrino-nucleon quasi-elastic cross section:

&

&

S —u
M?

do (Vm — lp) MECE cost U

2 2
@QE vip — Itn 8mE?2 {A(Q i 2

Sign on B term is negative for neutrinos, positive for antineutrinos
Gy is the Fermi constant (1.17 x 10-5 GeVz)

M is the average nucleon mass (939 MeV)

0 is the Cabbibo angle (cos 0. = 0.9742)

s and u are Mandelstam variables

E  is the incoming neutrino energy

A, B and C are combinations of hadronic form factors....

M4

+O(@) S “>2}

Quasi-elastics
are often
described as
Ssimplets
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(Quasi-Elastic Scattering

Neutrino-nucleon quasi-elastic cross section:

o 'mz + Q? Q° . )? >, ()? B ()? .
AlQY) = M? {(H 4\1’)2F T-npB et - pp)é F)’
C C C |
+ 2 Re(FeR) - 20+ )iy
7722 s
s [ 1P+ R 2Pl - 40+ 2 (R + FR)|)

Q * )2 3% x Q.) 3
BQ) = 1 Re Fi(F +€R))- T Re | (F — r€R)FY = (F = 2 Fr)FY)|
1 . C
C(Q%) = {F4+F1 +7(EF)" + 1\21 (Fa)° }

+ Definitely not simple!
+ But actually just combinations of six form factors

+ Two vector (F; and F,), an axial vector (F,), a pseudoscalar (Fp), and two

small second order terms (F, and Fy, )
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(Quasi-Elastic Scattering

Neutrino-nucleon quasi-elastic cross section:

+ All but the axial form factor are known from electron-nucleon scattering
experiments

+ Only the F, is most easily measured via neutrino scattering; it is typically
parameterized as a dipole:

P T DALMY I"S'r?r' T FA(Q2) SN ! < Known from beta decay
BNL 88| HOH h i Q2 2
FermiLab 84 i M2
NuTel 04 e
CERNGGM 77) ! e )
CERNGGM 79| el . We are left with only one unknown parameter in the
5 R . . . . .
MHEP 83| "* E | quasi-elastic form factor, an axial mass. It modifies
IHEPSKATSS| ~ +——e— | T e 4 | ,
IHEP SKAT 80 —— | 5 oth the Q- shape and total cross-section.
NOoMApos o e T — T
02 04 06 08 1 1.2 14 16 V\
M, (GeV) Ma has been measured a lot, often in Deuterium
from Lyubushkin, etal NOMAD collab] bubble chambers; as of 2003, experiments

Eur Phys.J .C63:355-381,2009 :
agreed that M is ~1 GeV
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Recent Measurements of M

+ The MiniBooNE experiment turned the view that quasi-elastics and
M, are well understood upside down:

10" T. Katori, Indiana U, Ph.D. thesis
N"E‘ 161
0 :llg';_ * MiniBooNE
~ — :H\M\_‘_ _
o = l
6E * NOMAD
4 Fermi Gas (M,=1.35 GeV)
20 Fermi Gas (M,=1.03 GeV)
o: [ I B | 1 ] ] TR T B T | ] 1 ] [HR T B B
10" 1 10 E%ERFG (Gev)

The MiniBooNE data prefer a much larger axial mass than older
experiments; this preference is supported by SciBooNE, K2K and MINOS
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What's Going On?

10" C. Patrick
+ One issue: everything I've told you so far 3uf  Ma=099 .m.,..c..o.,
applies to neutrino-nucleon scattering §%
o .cm-u
o
© 12
. ©
+ But modern neutrino detectors are made g 10
of heavy nuclei (which yield high event g
rates)
thi - ) ; s
¢ The nucleons within particle 3 Gev’)

detectors are not free!

Some ways that the nucleus modifies the interactions:

Pauli blocking reduces the cross-section at low Q2
Final state particles can interact as they exit the nucleus
Initial state nucleons have Fermi momentum — smears final state kinematics
Neutrinos can interact with multi-nucleon bound states
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Multi-Nucleon Bound States

R. Subedi et al., Science 320, 1476 (2008) <+ We know from electron scattering that
~20% of nucleons are involved in Short

Range Correlations.

+ QOther correlations known as Meson
Exchange Currents (MEC) have also
been hypothesized.

nucleons
The impact of nuclear correlations

on quasi-elastic (and other)

neutrino scattering is not well O “«— J — O

understood, but there are

indications that their effects are
substantial. meson
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Experimental hits of MEC

Ratio to Free Nucleons

2.4
| ® Carlson et al.

2

* Band from Bosted- Mamyan
1.8 \4‘ fit to electron scattering data
'l
1.6 — — Parametrization
g /
1.2
—

Transverse Enhancement Carbon 12

0.5 1 1.5 2 2.5

Q? (GeV/c)?

<« This enhancement has been

parameterized and used to
predict a MEC contribution to
neutrino scattering

< This transverse enhancement/

model (TEM) is a better fit to
MiniBooNE and Nomad data
than a modification of M,

An enhancement of the transverse component of the

quasi-elastic electron scattering cross section on

Carbon is thought to be due to Meson Exchange
Currents

A. Bodek et al, Eur. Phys. J. C 71 (2011) 1726, arXiv:1106.0340
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Impact of MEC on Oscillation Physies

QE(rel+RPA), Erec = 0.5, 0.75, 1., 1.25 GeV

O 8
S~
gl 6 . Vp+12c
S5 \
— "1 'I
’N‘\ 4 "; \ J ,
| 3
q / ll\
= 2 / ' / ! / \
g1 SN XX h
= Y I Bt N S ——
5 0.4 0.6 0.8 1 12 1.4 1.6
E [GeV] J. Nieves Nulnt 2012

Reconstructed (green) and true (red) energy in
traditional quasi-elastic scattering assuming
perfect detector resolution

o
oo

+ Energy reconstruction using a
quasi-elastic hypothesis does not
work on MEC events.

g
(=)

o

do /dEwe /(A — Z) 10738 em? /GeV]

1.8

* Neutrino energy reconstructed
assuming a quasi-elastic
hypothesis is similar to true
energy in standard quasi-
elastic interactions

Reconstructed (green) and true (red) energy in

Meson Exchange Current events assuming

perfect detector resolution

9p2h, Erec = 0.5, 0.75, 1., 1.25 GeV

0.4

06 08



More Impact on Oscillation Physies

Energy smearing from MEC is one small component of a large picture that
must be understood to make high precision oscillation measurements:

2 T T T T T )
B : —+— Data

The need for precision neutrino § 8 Best fit ] =

: . o Background component- i

scattering measurements 1s 2 6k N ] &

9 f Fit region < 1250 MeV <,

very clear from T2K’s most E: < ] ®

4 ’ = L0

o *l B

recent ve appearance >t 5

V=l

measurement E 25 =

! ; =

. - Parameters in the second caterory 5 0 50 1000 1500  >2000 °
Interactions. FParameters 1in the second category are typ- Z. Reconstructed neutrino energy (MeV)

ically related to the interaction target—primarily carbon

at ND280 and oxygen at SK—and include Fermi mo-

mentum, binding energy, and spectral function modeling TABLE II. The uncertainty (RMS/mean in %) on the pre-
for the CCQE nuclear model. Also in this category are dicted number of signal v, events for each group of systematic
normalizations for other CC and NC cross sections, the uncertainties for sin®26,3 = 0.1 and 0.

v. /v, CC cross section ratio, pion production parame- Error source (%] sinZ20.5 — 0.1 sinZ20.3 — 0

ters, and final state interactions of pions exiting the nu- Beam Aux and near detector 5.0 18

cleus. External data sets, primarily from [21-23|, are (w/o ND280 constraint) (25.9) (21.7)

u.sed to determine the initial values and prior uncertain- v interaction (external data) 75 6.8

ties of the parameters [4]. Far detector and FSI+SI+PN 3.5 7.3
Total 8.8 11.1
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Summarizing the Quasi-Elastic Situation

+ Understanding quasi-elastic interactions is crucial for oscillation
experiments

+ Scattering experiments have produced contradictory cross section
measurements that indicate significant nuclear effects are present

+ Theorists have postulated QE-like processes that would have big
implications but have yet to be experimentally confirmed

v, Spectrum
> 35 kton LAr @ 1300 km
4 : : : o ATE 8120L LBNE 5 yrs v mode
Oscillation measurements are moving into a new era that will involve & | sir'(20,) =009
g R e | nverted hierarchy
high-precision measurements and searches for subtle effects. g100- — Signal, .= 0°
S i Signal, ISC: =90°
801 — Signal, &, = -90°
A much clearer understanding of quasi-elastic interactions will be : S
' ' 60| Cv.cc
necessary for this next generation to succeed. : R o v, CC
40
The MINERVA detector was designed to make this happen.
200500
g T
o RESSSSSSSSSSSSSSSSSSSS——

e e—— ——————————— 1 2 3 4 5 6 7 8
Reconstructed Neutrino Energy (GgV)



